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Abstract

Introduction

An electron-beam tester was used to determine the
depth profile of the internal potential distribution in an
a-Si:H solar cell and hence the internal electric field profile. The a-Si:H solar cells were prepared for the measurements with the electron-beam tester by low-energy
chemical plasma beam etching through a plasma-resistant
mask structured by electron-beam lithography. In contrast to an earlier work, the solar cells were in situ illuminated and the electric field profiles were determined
for new, degraded and in situ annealed solar cells at various cell temperatures. The measuring results demonstrate that the electron-beam testing technique in combination with a suitable micro-structure preparation method
is appropriate to measure internal electric field profiles
in semiconductor devices as, e.g., solar cells for arbitrarily chosen bias and illumination states.

The profile of the electric field in the intrinsic region of a-Si:H solar cells essentially determines the collection efficiency and thus the conversion efficiency of
these devices. With the measurement of the internal
electric field profile, obtained by differentiation of a
measured potential distribution, it becomes possible to
investigate in which part of the cell and to which extent
the electric field is altered by electric bias, by illumination from outside or by degradation, for different types
and qualities of solar cells. Thus, the measurement
promises important information for investigating and optimizing the cell parameters by means of defect-engineering [17], i.e., to optimize the electric field profile in
degraded cells in order to increase the long-time stability
of the cells.
Beyond the traditional field of application to failure
analysis in integrated circuits, the electron-beam tester
(EBT) technique offers the possibility to measure the
above internal potential distribution [6, 7, 8, 10, 13]
with high spatial resolution and accuracy in determining
surface potential differences if an appropriate preparation
method can be developed which makes the depth dimension of the device accessible to the EBT.

Key Words: Depth distribution of potential, internal
electric field, thin film semiconductor device, amorphous
silicon solar cell, potential contrast, electron-beam
tester, electron-beam lithography, micro-structuring,
plasma-beam etching.

Measuring Method

The measurements were carried out using the electron-beam tester ICT 9010 (Integrated Circuit Testing
GmbH, Heimstetten, Miinchen, Germany); Figure 1
shows the experimental set up. The electron probe focussed to a spot diameter of 200 nm at an energy of 0.5
keV to 1 keV, which is sufficiently low to avoid chargeup effects or even damage of the semiconductor material, was scanned across a small part of the sample after
it had undergone the preparation procedure described in
the next section. The energy shift of the secondary electrons (SE) following the variation of the sample potential
was measured with an in-lens retarding-field spectrometer by adjusting the retarding-grid voltage in such a manner that the integral SE signal stayed constant [12]. In
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Figure l. Experimental setup for measuring the potential difference distribution. Lower part of the EBT (ICT
9010) with supplements for in situ illumination and biasing of an a-Si:H solar cell. (TCO = transparent conductive oxide).

annealing by means of the special sample holder.
It is important to note that normally, for the reason
mentioned above, electric surface field difference profiles, only between two specially realized states of the
cell, can be measured with the EBT method. However ,
the absolute surface field profile can also be measured
if a special reference state can be realized in the cell ,
e.g., by illumination or biasing, for which the potential
distribution through the cell is constant or known.
Then , the potential difference distribution with respect to
this constant potential will yield the desired absolute potential profile of the investigated cell state and, by differentiation, the absolute field profile . To generate this
constant potential profile, either illumination of very
high intensity in the open-circuit state or forward biasing
at high (500 mV to 800 mV for a-Si:H solar cells) voltage is needed. Wher eas crystalline silicon solar cells are
not affected by these conditions [10 , 13), amorphous silicon cells could be easily damaged. Under high intensity illumination, the amorphous solar cells would degrade and at high bias voltages, electric break-throughs
in the prepared a-Si :H layers , depending on the quality
of the amorphous material, would occur. For this reason, in order to keep the amorphous silicon cells operational, a reduced illumination intensity or a reduced
forward bias (400 mV) were used to realize the special
reference state. However, the measurements showed
that the ideal flat-band state [11] was almost attained
(see Experimental Results) .

order to eliminate the effects of topography and material
contrast on the number of released SE, the waveformmeasurement testing mode was used. Thus, a pure potential contrast signal, free from the effects mentioned
above, was obtained by difference measurement with respect to a definite reference state of the device. Obviously, only difference potentials and field profiles are
measured in general in the waveform-measuring mode.
However, as will be shown later, absolute electric field
profile measurements could be achieved by means of a
proper choice of reference state.
In contrast to an earlier work [6], the thin film solar
cells were in situ illuminated at wavelengths A = 450
nm, 552 nm or 650 nm and an illumination power of 33
µW/cm 2 , 197 µW/cm 2 or 213 µW/cm 2 , respectively.
To get another state of the solar cell, the contacts of the
cell were connected or released, triggered by an external
square wave voltage (open circuit/ short circuit), or the
illumination was chopped in the open-circuit state of the
solar cell. Both types of changes of the cell state were
performed at very low frequencies ( < 1 Hz), because
high frequency signals, as usually applied in the EBT
technique, were found to be unsuitable for the solar
cells. These thin film devices are only about 300 to 400
nm thick so that their high capacity prevents a rapid
change of electric states. For that reason, a trigger
frequency of 4 MHz was used for the tester only.
With a temperature-variable sample holder, the solar
cell temperature could be changed in a wide range
(100 K to 400 K). Measurements were carried out at
different temperatures and also in situ annealing of degraded solar cells was performed, with measurements of
the potential difference distribution before and after the

Sample Preparation
For the EBT measurement of the internal potentials,
the bulk depth profile of the cells had to be made accessible to EBT, i.e., transferred to a surface of the sample
by a suitable preparation method. In doing so, the depth
dimension of the thin cells (400 nm) has to be subdivided by the preparation into a series of many steps of
varying depth so that the depth profile of the potential
40
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can be determined with a sufficient number of measuring
points in spite of the comparatively limited lateral resolution of the tester (200 run).
In order to fulfill these requirements, the cells were
coated with a thin (approximately 1 µm) plasma-resistant
Novolake resist AZ PF 514 (Hoechst AG, Wiesbaden,
Germany) into which a mask of holes was structured by
electron-beam lithography (EBL) {Raith ELPHY I or
Proxy Writer (Raith GmbH, Dortmund, Germany) in a
Stereoscan 240 (Leica Cambridge Ltd., Cambridge, UK)
scanning electron microscope (SEM)}. Then, cylindrical
measuring wells of different depths (Fig. 2) were etched
into the p-i-n a-Si:H solar cell through the holes in the
resist with a low-energy quasineutral plasma beam from
a HF broad-beam plasma source. Argon was used to
etch through the aluminum/nickel contact and CF4 with
25 % 0 2 was used to etch the amorphous silicon layers.
Nevertheless, the solar cell kept perfectly working, i.e.,
the characteristic features of the cell like resistance and
photovoltage, which are very sensitive to surface defects
or changes in the bulk material, were exactly the same
before and after this preparation procedure.

prepared surface of the a-Si:H material. Thus, it represents only a constant potential shift which is eliminated
by the special EBT difference-measurement method.
(2). Any other surface alterations which may be
caused by the preparation process as, e.g., material mixing, implantation of defects, trenching, facetting or redeposition effects are minimized by the applied low-energy
(200 eV) chemical plasma beam etching which produces
volatile compounds leaving the semiconductor surface
free from redeposition effects.
(3). Previous comparison measurements [7] performed on p-i-p and n-i-n structures have shown that the
potential measuring results are influenced by the measuring geometry if this geometry deviates from a vertical
cut through the layer system of the solar cell. On the
other hand, theoretical simulations showed that the bulk
potential exists uninfluenced along a vertical wall
through the layer system. Therefore, the bulk potential
at a certain depth can be measured at the flat bottom of
a cylindrical well etched perpendicularly into the layer
system. Furthermore, the smaller the diameter of the
well, the less influenced is the bulk potential. This can
be seen in Figure 3 which shows a plot of the simulation
for this geometry, i.e., the cross-section of a solar cell
with wells of various diameters but equal depths. The
upper contact was biased with 2 V and the lower contact
was grounded. The silicon material was assumed to be
homogeneous and not illuminated, i.e., electrically
passive with E = 11.7.
Coming up to expectations, the potential lines in the
bulk material are equidistant up to the wall of the wells.
In the wells, the potential lines are bent and the bottoms
of the wells with large diameters do not represent equipotential surfaces. For smaller wells, however, this
effect becomes negligible, i.e., potential line bending is

Reliability of the Measuring Method
The preparation process must ensure that the measured surface potential at the bottom of the wells and the
wanted bulk potential profiles be correlated in a definite
way. This correlation is determined essentially by three
factors:
(1). On the prepared surface of the solar cell, localized surface states in the mobility gap of the a-Si:H are
surely created and occupied. This newly created space
charge region causes a band bending in the direction toward the semiconductor surface. There is good reason
to assume that this band bending is the same all over the
41
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the contacts of the solar cell. The same electric field
profile is also present in the open-circuit state of the
solar cell without illumination, i.e., there are three different states of a solar cell with the same electric field
profile. These states were chosen as the common state
in all measurements performed.
As an example, for the measured potential difference distributions, Figure 5 exhibits the ones for illumination (A = 450.3 nm and A = 649.85 nm) with the
change between the short-circuit state and the open-circuit state. The sample was a commercial p-i-n a-Si:H
indoor solar cell {Solems (Solems, Palaiseau, France)
48/32/5}. The depths of the wells were determined and
related to the measuring points by means of an atomic
force microscope (AFM) with very high lateral and
depth resolution and an approximate error of 10 nm of
the depth values (scan area 150 x 150 µm 2) . Note that
the different layers of the a-Si:H solar cell have been
drawn in Figure 5 with their thicknesses as quoted by
the manufacturer of the cell which differ from the real
values measured by AFM.
Figure 6 shows the electric field difference profiles
evaluated from the potential difference distributions in
Figure 5. Charge carriers produced by illumination decrease the charge density distribution and hence the electric field profile. Illumination with red light affect s almost only the field profile at the n-i-interface. Here, the
decrease amounts to 28 mV/nm (10 mV/nm = 105
V /cm) whereas the decrease at the p-i-interface is 2
mV/nm only. In contrast to red light, blue light illumination leads to nearly the same decrease of about 10
mV/nm at both interfaces . A very weak decrease only
was observed in the intrinsic region ( < 1 mV /nm) for
both wavelengths. It is difficult to compare the measuring results with theoretical calculations because those
calculations [3, 14] use the p- and n-layers only as constant boundary conditions despite the fact that the interface peaks of the electric field are known to be by more
than one order of magnitude higher than the magnitude
of the field in the intrinsic region . Consequently, in
those calculations, the interface peaks are the same in
different solar-cell states . In addition, all influences
from outside the a-Si :H layer as, e.g., from the TCO
layer or the metallic contacts have been neglected in the
theoretical calculations. On the contrary, the predictions
of the calculations with regard to different wavelengths
of illumination were confirmed qualitatively by the
measurements .
Figure 7 represents the electric field difference profile for the open-circuit state of the cell illuminated with
white light of relatively high intensity (4 mW/cm 2) (with
respect to the common state which is open-circuit at no
illumination). It can be seen that this measured profile
(dashed curve) is quite similar to that profile which was
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Figure 5. Measured electric potential difference distributions in an a-Si :H solar cell under illumination at
different wavelengths.
negligible with respect to the resolution of the well depth
measurement done by atomic force microscopy. For
this reason, the lateral well dimensions should be structured as small as possible by electron-beam lithography.
On the other hand, these results of the simulation
had to be verified by measurements. Therefore, wells
with various diameters but equal depths were etched into
the intrinsic silicon and the potential values in the bottom center of the wells were measured under illumination (A = 650 nm, 213 µW/cm 2) between the electrical
states "open circuit" and "short circuit". Figure 4 shows
the measuring results for wells with diameters from 1.5
µm up to 250 µm. As can be seen, the measured potential values in the wells become constant for diameters
smaller than 2.5 µm, i.e. , the deviation of the measured
potential values from the true values is smaller than the
noise of the SE signal (30 mV for a-Si:H; 10 mV for
metals). On the other hand, the aspect ratio (ratio of the
well depth to the well diameter) has to be 1 for uninfluenced EBT measurements [5]. Thus, it can be concluded that for the investigated cells of approximately 0.5
µm thickness the preparation of wells with diameters
larger than 0.5 µm and smaller than 2.5 µm has no
measurable influence on the potential values measured.

Experimental Results and Discussion
First of all, it was shown that in an a-Si:H solar cell
in the short-circuit state under chopped illumination (all
colors, see Measuring Method), there is no potential
difference and hence no electric field difference between
the states with and without illumination. This result is
in agreement with theoretical predictions [3] and can
easily be understood by the fact that most of the charge
carriers produced by illumination are carried away via
42
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Figure 6. Electric field difference profiles in an a-Si:H solar cell under illumination of different wavelength, evaluated
from the measured potential distributions (Fig. 5).
Figure 7. Comparison of different electric field profiles: measured and calculated [2] for forward bias and measured
for white light illumination.
Figure 8.
annealed.

Electric field difference profiles in the same a-Si:H solar cell under blue illumination, degraded and

Figure 9. Electric field profiles in an a-Si:H solar cell under illumination at different cell temperatures.

-----------------ward bias voltage. Obviously, both these procedures of
influencing the cell state are equivalent.
In addition, the calculated electric field difference
profile (calculated from the absolute profiles of [21) for
400 mV forward bias (dotted curve) is shown in Figure
7 also. The calculated interface peaks (especially the p-i
peak) are somewhat higher than the measured ones but,
as this calculation was not performed for exactly the
same cell parameters, the comparison is only approximate. In all, there is good agreement between the measured and the calculated profiles. Furthermore, since the

measured for the state with 400 mV forward-bias voltage
applied without illumination (solid curve). Although
these two modes of cell operation are very different,
quite similar interface peaks and a similar, very small
field difference in the intrinsic region were measured.
This result can be understood as follows: by illumination, a great number of charge carriers are created in
the cell which cannot leave in the open-circuit state.
Thus, they reduce the internal electric field of the cell
to almost zero field. The same final result is produced
by the charge carriers injected by a sufficiently high for43
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absolute potential profile for 400 mV forward bias voltage is almost constant through the cell [2], this special
cell state is nearly the desired flat-band reference state .
Thus, the measured field difference profiles (with respect to the common state) for 400 mV forward bias, as
well as for illumination with white light at open circuit,
represent almost the absolute field profile which exists
in the cell for the common state, i.e., the short-circuit
state without illumination. The similarity of the measured difference profiles (Fig. 7) shows that the flat-band
state was nearly attained in both cases.
The penetration depth of photons in a-Si:H depends
on their wavelength. Red light is weakly, and thus, uniformly absorbed through the layers whereas blue light is
strongly absorbed. Consequently, the decrease of the
electric field is stronger at the p-i-interface for blue light
and at the n-i-interface for red light. In addition, electrons have a higher mobility than holes and the metallic
back contact reflects the photons back into the layer system of the solar cell. This leads to a stronger decrease
at the n-i-interface for all wavelengths.
Degradation in the case of a-Si:H means an increase
of defect density and for that reason a change in the
electric field profile [4). In degraded solar cells, the
field peaks at the interfaces are higher but the field
strength values in the intrinsic region are lower than in
a new cell. It follows for degraded solar cells that under
illumination, the decrease of the electric field is stronger
at the interfaces and weaker in the intrinsic region in
comparison with a new or annealed cell. In order to degrade the solar cells for the measurements, they were illuminated for 240 h with AM 1 while cooled. The solar
cells were annealed by baking them for 2 hour s at
120°C . Figure 8 exhibits the electric field difference
profile for the same solar cell, degraded and annealed,
at open circuit with and without illumination. It can be
seen that the above statement is confirmed. The shift of
the interface peaks towards the intrinsic region was not
explained by theoretical predictions due to the fact that,
as mentioned above, the p- and n-layers represent only
boundary conditions in the theoretical calculations.
The measurements on solar cells at different temperatures are shown in Figure 9. For a temperature of
100 K, the electric field difference is larger than for
300 K. This results from the fact that for lower temperatures the electric field in the solar cell becomes stronger, in qualitative agreement with theoretical calculations
[1, 14) which predict that for lower temperature the
open-circuit voltage and hence the electric field is higher. This measurement was carried out on a different
solar cell than in the other measurements. For this particular cell, an extreme difference between the measured
thickness of the a-Si:H solar cell layers and the drawn
in manufacturer's specifications occurs.

Conclusion
The advantage of this EBT-EBL method obviously
lies in the possibility of precise and low-energy measuring of the internal potential distribution and the internal
electric field profile in semiconductor devices as, e.g.,
a-Si:H solar cells, for arbitrary bias [6) and illumination
states controlled from outside. In situ degrading, annealing, heating or cooling of the sample is available,
too. The possibility of arbitrary biasing and illumination
of the samples during the measurements is the basic advantage of this measuring method in comparison with
other methods like Auger electron spectroscopy (AES)
[16), scanning probe microscopy (SPM) [15] or time-offlight spectroscopy (TOF) [9]. Normally, potential difference distributions are measured with respect to a definite reference state. In addition, absolute potential and
field profiles can be obtained, too, by means of a special
reference state in the sc:miconc.luctor device with a con stant potential distribution .
The EBT-EBL method was applied to new, degraded and annealed a-Si:H solar cells under various illumination conditions and sample temperatures.
That
way, existing predictions of theoretical calculations from
the literature and the assumptions underlying the models
used were subjected to detailed experimental tests. For
these devices, special flat-band reference states for the
EBT measurements were found and the possibility to
perform absolute measurements of the internal electric
field was demonstrated. In addition, it can be expected
that the combination of EBL micro-structuring and EBT
methods will become an important diagnostic tool for
defect-engineering to increase the long -time stability of
the a-Si:H solar cells.
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Discussion with Reviewers
M. Kittler: You prepare a series of cylindrical wells of
different depth to study the depth profile of the internal
electric potential/field in semiconductor devices . Would
it be possible to use angular bevels too, instead of these
wells?
Authors: In an early stage of the measurements , we
used etched craters [13] which also have tilted walls.
However, measurements on p-i-p or n-i-n layer systems
showed that the surfaces of constant potential were extremely distorted by this preparation method. A linear
decrease of the potential through the cell was expected
but the measured potential distribution was bent. Therefore , angular bevels are expected to produce distortions,
too, and should be carefully tested before use.

M. Kittler: Your method could also be applied to semiconductor devices structures made of monocrystalline Si
and other semiconductor materials as well. For such devices capacity-voltage (CV) or spreading resistance (SR)
measurements, for instance, are widely applied to determine the depth distribution of electrically active dopants,
allowing conclusions on the depth distribution of the
electric field. Please comment on the specific advantage
of your technique as compared to standard methods as
CV, SR etc., and did you compare your technique with
well-established "standard techniques" to prove the
accuracy?
Authors: There are no examples of CV or SR applications to a-Si:H solar cells in the literature. Other tech-
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niques, which have been applied to solar cells, are mentioned in the conclusion: AES uses primary electrons of
much too high energy. SPM which means a Kelvin
probe technique requires a removal of the cell material
during measurement. The TOF method leaves out the
inner intrinsic region whereas our method determines the
complete field profile. Comparisons with "standard
techniques", applied to a-Si :H cells of different dimensions, yielded qualitative agreement . A specific advantage of our method lies in the possibility of carrying out
non-destructive measurements under arbitrary illumination and biasing.

of the field difference profiles?
Authors: Since there is no analytical fit function for the
potential distribution, we used a special kind of splines
which do not necessarily go through the measuring
points in Figure 5. The field profiles in Figure 6 were
evaluated from these splines (in Fig. 5) by differentiation. The overswings are artifacts from the numerical
fitting and could not be completely avoided.
L.J. Balk: Can you explain in more detail why frequencies of more than 1 Hz are unsuitable for solar
cells? It seems that this might be overcome by, for
instance, using low measuring impedances.
Authors: It is possible to modulate the electric bias or
chop the illumination of the a-Si:H solar cells with
higher frequencies up to some kHz, but square-wave
voltages with usual EBT frequencies (MHz) were extremely distorted when applied to the thin film cells.
The main reason to use such low frequencies was that
the measuring procedure was not fully automated and it
was more convenient for the operator to deal with frequencies below 1 Hz.

M. Kittler: Extended defects (e.g., grain boundaries or
dislocations) in semiconductors are often charged and
consequently, connected with a space charge / band
bending. Would it be possible to study the electric field
distribution around such defects by your technique?
Authors: In combination with a measuring method that
gives the absolute three-dimensional position of the defect and a little fine tuning of our etching process, one
can expect that such studies would be possible.

L.J. Balk: You discuss the influence of the well diam-

H. Niedrig: What is the principle of the waveformmeasurement testing mode? Can you give references for
further reading?
Authors: The waveform mode is used to measure the
potential changes on a specific spot of the specimen
caused, e.g., by an external biasing. To do this, the
secondary electron signal is measured at alternating bias.
If the secondary electron distribution is shifted along the
energy axis caused by the potential change of the specimen, the voltage of the retarding grid UR (see Fig. 1) is
altered accordingly so that the distribution is shifted back
to its original position on the energy axis. The difference of the voltages applied to the retarding grid is equal
to the potential difference on the specimen. For further
reading, see additional references [18, 19).

eter on the achieved preciseness. How is the well depth
affecting it, say, by changed trajectories of the electron?
Authors: The important parameter of the measuring
well is the aspect ratio (ratio of the well depth to the
well diameter) which influences the trajectories of the
electrons because the potential surface at the bottom of
the well are bent more or Jess (depending on that ratio)
upwards (see Fig. 3).
Additional References
[18] Fuchs E, Oppolzer H, Rehme H (1990) Particle
Beam Microanalysis : Fundamentals, Methods and Applications. VCH Verlagsgesellschaft mbH, Weinheim,
Germany. Chapter 8.
[19] Herrmann KD (1989) Verbesserung der Testbarkeit hochstintegrierter Schaltkreise <lurch einen Elektronenstrahlpriiffreundlichen
Schaltungsentwurf (Improvement of the testability of highly integrated circuits
by a circuit design appropriate to electron-beam testing) .
Duisburger Mikroelektronik, Band 3. Verlagsbuchhandlung Nellissen-Wolff, Aachen. Germany. Chapter 2.

E. Plies : You mention that a beam voltage of 0.5 kV to
1 kV is sufficiently low to avoid charge-up effects . But
in electron-beam testing, there is also an influence of the
extraction field on the charge-up effect. What value for
the extraction voltage UE at the extraction electrode in
Figure 1 is used for your measurements?
Authors: The extraction voltage UE we used was 1 kV
or 1.2 kV.
E. Plies: The measured potential difference distributions in Figure 5 are not very smooth. How are the
electric field difference profiles of Figure 6 evaluated
from these measured distributions, i.e., which curve fitting or smoothing techniques are used before (and after)
differentiation? Could you comment on the overswings

46

